The use of early corticosteroid withdrawal (ECSW) protocols after kidney transplantation has become common, but the effects on fracture risk and bone quality are unclear. We enrolled 47 first-time adult transplant recipients managed with ECSW into a 1-year study to evaluate changes in bone mass, microarchitecture, biomechanical competence, and remodeling with dual energy x-ray absorptiometry (DXA), highresolution peripheral quantitative computed tomography (HRpQCT), parathyroid hormone (PTH) levels, and bone turnover markers obtained at baseline and 3, 6, and 12 months post-transplantation. Compared with baseline, 12-month areal bone mineral density by DXA did not change significantly at the spine and hip, but it declined significantly at the 1/3 and ultradistal radii (2.2% and 2.9%, respectively; both P,0.001). HRpQCT of the distal radius revealed declines in cortical area, density, and thickness (3.9%, 2.1%, and 3.1%, respectively; all P,0.001), trabecular density (4.4%; P,0.001), and stiffness and failure load (3.1% and 3.5%, respectively; both P,0.05). Findings were similar at the tibia. Increasing severity of hyperparathyroidism was associated with increased cortical losses. However, loss of trabecular bone and bone strength were most severe at the lowest and highest PTH levels. In summary, ECSW was associated with preservation of bone mineral density at the central skeleton; however, it was also associated with progressive declines in cortical and trabecular bone density at the peripheral skeleton. Cortical decreases related directly to PTH levels, whereas the relationship between PTH and trabecular bone decreases was bimodal. Studies are needed to determine whether pharmacologic agents that suppress PTH will prevent cortical and trabecular losses and post-transplant fractures.
without fracture. 3 Traditionally, it was thought that the corticosteroids included in immunosuppressive protocols were one of the main risk factors for post-transplant fractures. [4] [5] [6] [7] [8] Such regimens are associated with 2%-10% declines in bone mineral density (BMD) at trabecular-rich sites, such as the spine and hip, during the first 6-12 months after transplantation. 5, 6, 9 Thus, it was expected that newer early corticosteroid withdrawal (ECSW) immunosuppressive protocols would protect against bone loss and fractures.
Since 2000, ECSW regimens have been rapidly implemented in over one third of transplantation programs across the United States. 10, 11 Several trials suggested that they are associated with a stabilization of or an increase in areal BMD at the spine and hip. [12] [13] [14] However, recent data suggest that management with ECSW may result in only minimal 15 or no [16] [17] [18] protection against fractures. These studies suggest that our understanding of fracture pathogenesis after transplantation is incomplete, that fracture risk with ECSW may be independent of changes in areal BMD measured at the spine and hip, and that ECSW may be associated with abnormalities in bone quality that are not detected by dual energy x-ray absorptiometry (DXA).
High-resolution peripheral quantitative computed tomography (HRpQCT; XtremeCT; Scanco Medical AG; 82-mm voxel size) is a novel imaging method that separately quantifies cortical and trabecular geometry, density, and microarchitecture, and finite element analysis (FEA), a computational estimate of bone strength that correlates highly with ex vivo strength testing, can be applied to HRpQCT datasets. 19, 20 Our group has used HRpQCT, calciotropic hormones, and bone turnover markers (BTMs) to evaluate the mechanisms of increased skeletal fragility 21, 22 and the pathogenesis of bone loss 23 in patients with CKD. We showed that CKD patients with fractures have lower cortical and trabecular volumetric BMDs, thinner cortices, and abnormal trabecular microarchitecture at the distal radius and tibia. We also showed that, over time, cortical losses predominate, driven by increased levels of parathyroid hormone (PTH). Longitudinal studies investigating pathobiologic mechanisms of increased skeletal fragility in kidney transplant recipients managed with ECSW have not been conducted. Therefore, we performed a 12-month prospective study in first-time recipients managed with an ECSW protocol. We hypothesized that over the first 1 year after transplantation, management with ECSW would be associated with stable areal BMD measured by DXA but that HRpQCT would shed light on potential microarchitectural deterioration not detected by DXA. Figure 1 describes the study flow and reasons for attrition. Forty-seven patients completed baseline enrollment procedures, and patients were censored if they initiated chronic corticosteroids (n=5). Demographic characteristics of 47 patients with baseline data are presented in Table 1 . Mean age was 50.5613.7 years, 70% of patients were men, 81% of patients received a living donor allograft, 49% of patients were on dialysis pretransplantation, and median T scores were in the normal range.
RESULTS

Cohort Characteristics
Longitudinal Changes in Kidney Function and Biochemistries Baseline and follow-up levels of kidney function (GFR and serum creatinine) and concentrations of calcium, phosphorus, PTH, and BTMs are presented in Table 2 . At 3 months, mean GFR was 45 ml/min per 1.73 m 2 and remained relatively stable thereafter. Levels of calcium increased and phosphorus decreased after transplantation, and both levels remained within the normal reference range thereafter. Before transplantation, levels of PTH, osteocalcin, and C-terminal telopeptides of type I collagen (CTX) were greater than the reference range. At 3 months, PTH, osteocalcin, and CTX decreased by 36658%, 44646%, and 32648%, respectively, and bonespecific alkaline phosphatase (BSAP) and procollagen of type 1 N-terminal propeptide (P1NP) increased by 66679% and 58678%, respectively. All biochemistries remained either above or within the upper levels of the reference range thereafter, and differences in levels among post-transplantation time points were not significant. Thus, correlation and regression analyses were conducted with time-averaged posttransplantation levels.
Longitudinal Changes in Bone Mass and Microstructure
Univariate mixed linear regression models adjusted for baseline measures were used to assess changes in bone geometry, mass, and microarchitecture over the first 12 months after transplantation. By DXA (Figure 2 ), lumbar spine BMD did not change significantly over the first post-transplant year. There were small but significant and transient losses at the total hip (1.160.4%; P=0.01) and femoral neck (1.360.6%; P=0.03) at 3 months that recovered to levels not significantly different from baseline at 6 and 12 months. In contrast, at the forearm, BMD declined linearly, and by 12 months after transplantation, it was 2.260.5% (P,0.001) and 2.960.8% (P,0.001) below baseline at the 1/3 and ultradistal radii, respectively.
By HRpQCT at the distal radius (Figure 3 ), there was deterioration in both cortical and trabecular compartments. After 12 months, there were highly significant and linear decreases in cortical area (3.960.9%), thickness (3.160.9%), and density (2.160.4%; all P,0.001). Trabecular area increased slightly but significantly (0.460.2%; P,0.05), and trabecular density decreased significantly (4.460.6%; P,0.001). Changes in trabecular number and heterogeneity were not significant. At the tibia, deterioration was mainly limited to the cortical compartment. Over 12 months, there were significant and linear decreases in cortical area (2.760.8%; P,0.001), thickness (1.960.8%; P=0.05), and density (2.460.4%; P,0.001), and trabecular area increased (0.360.1%; P,0.001). At 3 months, there was a significant 1.360.4% (P,0.01) decline in trabecular density that recovered to a level not significantly different from baseline at 6 and 12 months. There were no significant changes in trabecular number or heterogeneity.
Predictors of Post-Transplantation Bone Loss
We identified risk factors for bone loss. By DXA, each 10-year increase in age at transplantation predicted a 0.560.2% (P,0.01) greater decline in 1/3 radius areal BMD. By HRpQCT at the radius, women had a 1.360.6% (P,0.05) greater decline in cortical density than men, and each 10-year increase in age at transplantation predicted a 0.660.02% (P,0.05) greater decline in trabecular density. At the tibia, women had a 1.660.6% (P,0.05) greater decline in trabecular density than men. Each 1 g corticosteroid administered temporarily for acute rejections was associated with a 1.160.4% (P,0.01) and 1.460.3% (P,0.001) decline ECSW Effects on the Skeleton in trabecular density at the radius and tibia, respectively. Time-averaged post-transplantation GFR did not predict changes by DXA or HRpQCT.
We next examined whether the changes in bone geometry, density, and microarchitecture detected in univariate analyses were predicted independently by time-averaged posttransplantation levels of BTMs. Relationships between changes in bone density and biochemical measures are reported with the following cutoffs: BSAP per 5 U/L, osteocalcin per 5 ng/ml, P1NP per 10 mg/L, and CTX per 0.05 ng/ml. 23 All models were adjusted for sex and age at transplantation, and trabecular models were also adjusted for cumulative dose of corticosteroids. By DXA, there were no significant associations between BTMs and bone loss. By HRpQCT at the distal radius, there were no significant associations between pretransplantation BTMs and cortical measures. In contrast, higher levels of post-transplantation BSAP, osteocalcin, P1NP, and CTX predicted significant declines in cortical area, density, and thickness (Table 3) . At the tibia, relationships between changes in cortical geometry and density and formation markers were similar to but less robust than those changes at the radius; relationships with the resorption marker were not significant (data not shown).
PTH modulates both remodeling rates and bone loss; therefore, we investigated relationships between PTH and BTMs and changes in bone. Adjusted for GFR, there were significant correlations between post-transplantation levels of PTH and BSAP (0.48; P,0.01), osteocalcin (0.37; P,0.05), P1NP (0.33; P,0.05), and CTX (0.33; P,0.05). As for analyses of BTMs, regression models were adjusted for sex and age, and trabecular models were also adjusted for cumulative corticosteroid dose. By DXA, there were no associations between pretransplantation PTH and areal BMD. In contrast, each 10-pg/ml higher post-transplantation PTH level was associated with a 1.960.9% (P=0.05) and 2.360.8% (P,0.01) decrease in areal BMD at the total hip and femoral neck, respectively. By HRpQCT at the distal radius, there were no associations between pretransplantation PTH and cortical measurements. In contrast, associations between post-transplantation levels of PTH and declines in cortical measures were linear ( Figure 4 ). Higher time-averaged levels of PTH predicted significant declines in cortical area (2.961.4%; P,0.05) and thickness (3.161.5%; P,0.05) but not density. At the tibia, relationships between PTH and changes in cortical geometry and mass were not significant (data not shown). Effects of PTH on radius trabecular bone differed from effects of PTH on cortical bone. Each unit increase in pretransplantation PTH predicted a 2.161.0% (P,0.05) decline in trabecular number. In contrast, relationships between post-transplantation PTH and trabecular measures were bimodal ( Figure 5 ). Levels ,100 or .140 pg/ml were associated with significantly more severe decreases in trabecular density (1.760.7%; P,0.03) than PTH levels between 100 and 140 pg/ml. At the tibia, relationships between PTH and changes in trabecular bone were not significant (data not shown).
Bone Biomechanical Competence after Kidney Transplantation
Whole-bone stiffness and failure load integrate changes in cortical and trabecular compartments and provide biomechanical estimates that correlate with bone strength. Twelve months after kidney transplantation, whole-bone stiffness and failure load decreased significantly (3.161.4% and 3.561.4%, respectively; both P,0.05) at the radius but not the tibia. Post-transplant kidney function and cumulative corticosteroid dose were not associated with significant changes in stiffness and failure load. Multivariate models showed effects of post-transplantation levels of BTMs and PTH on radius stiffness and failure load. For BTMs (Table 3) , effects were linear, and increases in BTMs were associated with decreases in stiffness and failure load. Similar to trabecular bone, PTH effects were bimodal. Levels,100 or .140 pg/ml were associated with significantly more rapid decreases in stiffness (4.261.8%; P,0.05) and failure load (4.462.0%; P,0.05) than levels between 100 and 140 pg/ml.
DISCUSSION
As we hypothesized, ECSW was associated with stable areal BMD by DXA at the spine and hip. However, there were paradoxical effects at the peripheral skeleton, with significant declines in areal BMD at the forearm. By HRpQCT, we determined that peripheral skeletal losses were caused by deterioration of cortical and trabecular geometry, density, and microarchitecture, which resulted in loss of bone strength. Finally, we found that effects of PTH on cortical and trabecular bone differed. Cortical losses were linear and driven by greater severity of post-transplantation hyperparathyroidism. However, for trabecular bone and bone biomechanical competence, the effects of PTH levels were bimodal: more deterioration occurred at the lowest and highest levels of PTH. These novel data are the first to describe mechanisms of increased skeletal fragility in kidney transplant recipients managed with ECSW.
The only other study to investigate the evolution of cortical and trabecular microarchitecture after kidney transplantation used micromagnetic resonance imaging and found that cortical, trabecular, and whole-bone stiffness significantly decreased over the first 6 months after kidney transplantation. 24 However, recipients were managed with a traditional corticosteroid-based regimen, significant declines in cortical and trabecular density and cortical thickness were not detected, and biochemical data were not reported. Corticosteroids have marked inhibitory effects on osteoblast function, [25] [26] [27] [28] have moderate stimulatory effects on osteoclast function, 29, 30 induce hypogonadotrophic hypogonadism and myopathy, and reduce production of IGF and IGF binding proteins. 31 Thus, it was expected that management of posttransplantation immunosuppression without corticosteroids would significantly reduce rates of bone loss and fractures.
There are no randomized trials designed a priori to determine whether ECSW regimens result in fewer fractures. The secondary analyses conducted to date raise concerns about the preconception that ECSW regimens would substantially lower fracture risk. [15] [16] [17] [18] Trials by Woodle et al. 17 and Rizzari et al. 16 found no difference in fracture rates. However, fractures were a secondary outcome, and spine fractures, among the most common types of post-transplant fractures, 4 were not ascertained. A retrospective study by Edwards et al. 18 found that corticosteroid withdrawal did not result in a fracture reduction benefit. However, the corticosteroid withdrawal regimens in the study were not reflective of current ECSW protocols, and the patient population was not reflective of most patients managed with ECSW: patients were managed with up to 6 months of corticosteroids, had type 1 diabetes, and received simultaneous kidneypancreas transplantation. Using the US Renal Data System (USRDS), we found that discharge from the hospital without corticosteroids was associated with a 1.6% reduction in absolute fracture risk. We also noted that there was no significant difference in risk during the first 2 years after transplantation and that other risk factors for fracture (age, pretransplant diabetes, and fracture) had more profound effects on fracture incidence than corticosteroid use. 15 However, because we were only able to ascertain fractures that resulted in a hospital admission and could not assess vertebral fractures, our study underestimated fracture risk. These findings suggest that the pathogenesis and epidemiology of ECSW-associated fractures remain poorly defined, despite more than a decade of experience with these regimens. Most data concerning skeletal effects of corticosteroid withdrawal regimens have focused on the central skeleton. Aroldi et al. 14 evaluated 18-month changes in lumbar spine BMD in 13 patients managed Figure 3 . Twelve-month changes in radius cortical and trabecular measures obtained by HRpQCT. Data is represented as change6SEM in radius: (A) cortical (Ct) and trabecular (Tb) area, (B) cortical density (Ct Density) and thickness (Ct Th), and (C) trabecular density (Tb Density) and number (Tb N). *P,0.05. with ECSW compared with 40 patients managed with corticosteroid-based regimens. At 18 months, ECSW was associated with a significant 5.8% increase in spine BMD compared with an 8% decrease in patients managed with corticosteroids. In 261 transplant recipients randomized to corticosteroid withdrawal at either 3 days or 4 months post-transplantation, ter Meulen et al. 12 evaluated changes in lumbar spine and femoral neck BMD during the first post-transplant year. At 3 months, spine BMD decreased 1.3% in patients randomized to corticosteroid withdrawal at 3 days versus 2.3% in patients randomized to withdrawal at 4 months. At 12 months, spine BMD recovered to levels not significantly different from baseline in both groups. Similarly, at the femoral neck, BMD decreased significantly by 1.4% in both groups at 3 months and recovered to levels not different from baseline in both groups at 12 months. In a subset of patients, the study by ter Meulen et al. 13 used quantitative ultrasound to measure the impact of 3 days versus 4 months of corticosteroids at the calcaneus, a peripheral skeletal site comprised mainly of trabecular bone. Broadband ultrasound attenuation, a measure of bone structure as well as mass, declined linearly over 12 months in both groups, despite increases in BMD at the central skeleton sites. Thus, similar to our findings, ter Meulen et al. 13 found divergent effects of ECSW on bone mass at the central and peripheral skeleton.
Our novel findings not only expand on these studies, but they raise concerns regarding the ability of ECSW protocols to protect against fracture. They suggest that, even in the absence of long-term corticosteroids, post-transplantation hyperparathyroidism and elevated remodeling rates result in cortical and trabecular losses and decreases in bone strength at the peripheral skeleton. By 12 months, based on our HRpQCT precision estimates, the majority of patients lost cortical and trabecular density at the radius (58% and 81%, respectively) and cortical density at the tibia (75%). Significant decreases in cortical thickness and increases in trabecular area at both the radius and tibia suggest endocortical cancelization, and our regression analyses imply that persistent post-transplantation hyperparathyroidism modulates this process. We also found that PTH effects on cortical and trabecular bone differ. Higher levels of PTH were associated with the largest cortical losses. However, PTH effects on trabecular bone and bone strength were bimodal. Because more than 85% of the skeleton is comprised of cortical bone, our observations suggest that fractures will continue to be common complications of kidney transplantation, even in the absence of corticosteroids.
The current Kidney Disease Improving Global Outcomes (KDIGO) Guidelines for the management of bone and mineral disease after transplantation suggest that, in patients with a GFR.30 ml/min, that areal BMD should be measured in the first 3 months after transplantation if they receive corticosteroids or have risk factors for osteoporosis, like in the general population. 32 The KDIGO does not provide recommendations regarding defining PTH target levels, using BTMs to guide therapies to prevent post-transplantation bone loss, or measuring BMD in patients managed without corticosteroids. Data from our group and others suggest that the KDIGO guidelines may require revisiting and modification. In recipients managed with corticosteroids, both low 33 and high [34] [35] [36] PTH concentrations correlated with post-transplantation bone loss by DXA, and Giannini et al. 37 found that each 1-pg/ml higher increment in PTH was associated with a significant 1% increased odds of vertebral fracture. These data suggest that optimal target levels of PTH and BTMs, based on fracture outcomes, need to be defined, that measurement of areal BMD should be obtained in kidney transplant recipients (regardless of whether they are managed with corticosteroids), and that the forearm may be the best site to assess BMD in recipients managed with ECSW.
This study has limitations. Our sample size limited the number of predictors included in multivariate regression models. Our population was predominantly Caucasian. However, our USRDS report suggested that black and Asian races protect against fractures; thus, our results are applicable to the population at highest fracture risk. The lack of both posttransplantation bone loss and corticosteroids effects detected by DXA at the spine and hip should be interpreted with caution. DXA has low resolution and does not detect small changes in BMD or quantify cortical and trabecular bone separately. Moreover, measurement of areal BMD at the spine may be affected by the presence of aortic calcifications, end plate osteosclerosis, and osteoarthritis, which are common in CKD. Finally, at our institution, tacrolimus is the calcineurin inhibitor of choice, and no patients were managed with cyclosporine.
In conclusion, we found progressive deterioration of cortical and trabecular bone mass and microarchitecture and decreased bone strength in kidney transplant recipients managed with ECSW. These losses were associated with elevated levels of PTH and remodeling markers, and older patients and women were at highest risk for bone loss. These data suggest pathobiologic mechanisms that account for the higher than expected rates of fractures reported in studies of kidney transplant recipients managed without long-term corticosteroids. They support the design and implementation of a trial of PTH suppression as a fracture preventative measure in kidney transplant recipients managed with ECSW regimens.
CONCISE METHODS
Patients
The Columbia University Medical Center (CUMC) Institutional Review Board approved this study; all patients provided written informed consent, and all data were maintained in compliance with CUMC and Health Insurance Portability and Accountability Act guidelines. We recruited 62 consecutive first-time living and deceased donor kidney transplant recipients from the CUMC kidney transplantation center between September of 2009 and May of 2010. Subjects ranged between 18 and 75 years old, and all were managed with an ECSW immunosuppressive protocol. At the time of transplantation, patients received induction with 4 days of tapering methylprednisolone along with either thymoglobulin or basiliximab; corticosteroids were withdrawn by the end of postoperative day 3. Maintenance immunosuppression was with tacrolimus and mycophenolic acid. Tacrolimus was started in the perioperative period at 0.05 mg/kg every 12 hours and adjusted to levels of 8-12 ng/ml on postoperative day 2 according to the established CUMC kidney transplantation immunosuppression protocol. ŧ P,0.05; x P,0.001.
All transplant recipients at CUMC are placed on ECSW immunosuppression, except those recipients either with positive crossmatch antibodies or who are already taking corticosteroids at time of transplantation. Patients were excluded from this study if they had a history of prior solid organ (including prior kidney) transplantation, had malignancy, or were taking bisphosphonates, gonadal steroids, aromatase inhibitors, or anticonvulsants that induce hepatic cytochrome P450 enzymes. Patients were censored if they were started on chronic corticosteroid-based immunosuppression at any time point after transplantation. Five enrolled patients were censored because of initiation of chronic corticosteroids (Figure 1) . Over the course of this study, three patients were initiated on temporary corticosteroids for single rejection episodes; these patients were not excluded from analyses.
Administration of Strategies that Alter PTH Levels
This trial was not a randomized trial; thus, parathyroidectomy and administration of bone active medications were not standardized. No patient had parathyroidectomy either before or after transplantation, and no patient received phosphorus supplementation after transplantation. Before transplantation, 3 patients were managed with calcitriol, 19 patients were managed with a vitamin D analog (paricalcitol or doxercalciferol), and 4 patients were managed with cinacalcet. At transplantation, vitamin D analogs were stopped in 16 patients, cinacalcet was stopped in all 4 patients, and calcitriol was continued. After transplantation, calcitriol was initiated in one patient, and cinacalcet was initiated in two patients for the first time and reinitiated in one patient. Because of the small number of patients initiating medications that alter PTH levels after transplantation, we were unable to assess whether they had effects on the changes reported in this investigation.
Imaging Studies
All patients underwent imaging at baseline and 3, 6, and 12 months. Areal BMD by DXA was measured at the total lumbar spine, total hip, femoral neck (FN), and nondominant 1/3 and ultradistal radii using a Hologic QDR 4500 densitometer (Hologic, Inc., Waltham, MA) in the array (fan beam) mode. In our laboratory, short-term in vivo precision is 0.68% for the spine, 1.36% for the FN, and 0.70% for the radius. T scores compared patients with young normal populations of the same race and sex provided by the manufacturer (spine and forearm) and National Health and Nutrition Examination Survey III (total hip and FN).
HRpQCT (XtremeCT; Scanco Medical, Brüttisellen, Switzerland) methods have been described in our previous studies. [21] [22] [23] In brief, HRpQCT was performed at the nondominant forearm and leg unless there was previous fracture or an arteriovenous fistula or graft at the desired site, in which case the opposite limb was scanned. All scan acquisition was performed in our laboratory by a single dedicated research densitometry technologist according to the standard manufacturer's protocols described previously. 21, 22 A phantom was scanned daily for quality control. To analyze the same region in the longitudinal scans, the manufacturer's software was used to find the overlapping regions between the baseline and follow-up scans. 38 It is performed by matching the cross-sectional areas of the individual slices to find the common region between the two scans. From this standard analysis, trabecular volumetric BMD (milligrams hydroxyapatite per centimeter 3 ) is defined as the average bone density within the trabecular volume of interest. Because measurements of trabecular microstructure are limited by the resolution of HRpQCT, which approximates the width of individual trabeculae, trabecular structure is assessed using semiderived algorithms. 39, 40 Trabecular number is defined as the inverse of the mean spacing of the midaxes. The intraindividual distribution of separation (micrometers), a parameter that reflects the heterogeneity of the trabecular network, is also measured. In addition to the standard analysis, a validated autosegmentation method 41 was applied to segment the cortical and trabecular compartments to measure cortical thickness (millimeters), and cortical BMD (milligrams hydroxyapatite per centimeter 3 ). 42, 43 Cortical thickness was measured directly using a distance transform, 44 and cortical BMD was defined as the average mineral density in the autosegmentation cortical bone mask. In vivo precision of HRpQCT measurements have been reported to be ,1% for density measurements and ,4.5% for morphologic measurements. 45 In our laboratory, precision measurements are (1) radius cortical area, density, and thickness: 1.25%, 0.81%, and 1.53%, respectively; (2) radius trabecular density: 1.06%; (3) tibia cortical area, density, and thickness: 0.91%, 0.55%, and 0.91%, respectively; and (4) tibia trabecular density: 0.91% (courtesy of X. Sherry Liu, unpublished data). FEA was used to estimate whole-bone stiffness (ultimate stress; megapascals) and failure load (newtons). We simulated uniaxial compression on each radius and tibia model up to 1% strain using a homogenous Young's modulus of 6829 MPa and Poisson's ratio of 0.3. 45 We used a custom FEA solver (FAIM, Version 6.0; Numerics88, Calgary, AB, Canada) installed on a desktop workstation (Linux Ubuntu 12.10, 236-core Intel Xenon, 64GB RAM) to solve the models.
Image Quality Assessment
All HRpQCT images were assessed for image quality and motion artifact before analysis, and they were graded on a scale of one (no imaging abnormalities) to five (severe abnormalities). 46, 47 Any image score of four or five was excluded from analyses.
Laboratory Measurements
Routine laboratory parameters were measured by Quest Diagnostics (Teterboro, NJ). Serum creatinine was determined by the Jaffe reaction, and serum calcium, phosphorus, and bicarbonate were measured by spectrophotometry. GFR was estimated based on the Modification of Diet in Renal Disease formula. 48 Bone metabolic markers were measured at CUMC in a specialized research laboratory. Intact PTH, BSAP, N-midosteocalcin, P1NP, tartrate resistant acid phosphatase 5b, and CTX were measured by a Roche Elecsys 2010 analyzer (Roche Diagnostics, Indianapolis, IN). Intra-and interassay precisions are intact PTH, 1.0% and 4.4%; BSAP, 6.0% and 8.0%; osteocalcin, 0.8% and 2.9%; P1NP, 1.1% and 5.5%; and CTX, 1.1% and 5.5%.
body mass index, PTH, and BTMs did not differ significantly among the 3-, 6-, and 12-month post-transplantation time points; therefore, correlation and regression analyses were conducted with timeaveraged levels for the post-transplantation measurements. Effects of PTH and BTMs on changes in bone parameters were analyzed as unit changes of PTH, 10 pg/ml; BSAP, 5 U/L; osteocalcin, 5 ng/ml; P1NP, 10 mg/L; tartrate resistant acid phosphatase 5b, 0.01 U/L; and CTX, 0.05 ng/ml. 23 Spearman correlations, adjusted for kidney function, were determined for relationships between time-averaged posttransplantation levels of PTH and BTMs. Univariate mixed linear regression models adjusted for baseline measures assessed the evolution of bone geometry, mass, microarchitecture, and mechanical competence over the first 12 months of transplantation. Multivariate mixed linear regression models were used to determine predictors of changes in bone geometry, mass, microarchitecture, and mechanical competence adjusted for (1) baseline bone measures, (2) levels of pretransplantation and time-averaged post-transplantation PTH and BTMs, (3) age, and (4) sex. For trabecular models, adjustment was also made for cumulative corticosteroid dose. Although 47 patients were enrolled and followed in this investigation, 35 patients had data at both the baseline and 12-month visits. A sensitivity analysis conducted with only these 35 patients showed no material or statistical change in the assessed bone outcomes. Therefore, all 47 patients are included in our report.
